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Enolases are highly conserved metalloenzymes ubiquitous to cellular metabolism. While these
enzymes share a large degree of sequence and structural similarity, they have been shown to possess
a wide range of moonlighting functions. Recent studies showed that an enolase from Lactobacillus
gasseri impedes the ability of Neisseria gonorrhoeae to adhere to epithelial cells. We present the
crystal structure of this enolase, the ﬁrst from Lactobacillus, with one of its Mg2+ cofactors. Deter-
mined using molecular replacement to 2.08 Å, the structure has a ﬂexible and surface exposed cat-
alytic loop containing lysines, and may play a role in the inhibitory function.
Structured summary of protein interactions:
Eno and eno bind by X-ray crystallography (View interaction)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
A commensal organism, Lactobacillus gasseri has garnered inter-
est for its probiotic potential [1,2]. A recent study furthered this
interest, observing that L. gasseri can inhibit the adherence of Neis-
seria gonorrhoeae to epithelial cells, subsequently determining that
a causative factor was a surface associated enolase [3]. It was also
shown that the inhibitory effect could be abolished by the addition
of soluble ﬁbronectin [3]. The mechanism of enolase-mediated
inhibition of gonococcal adherence was somewhat surprising, as
enolase in its classical role is found within the cytoplasm catalyz-
ing the reversible glycolysis step where 2-phosphoglycerate is
dehydrated into phosphoenolpyruvate.
While enolases show signiﬁcant conservation of amino acid
sequence, they display diverse functions beyond their glycolytic
responsibilities [4]. Enolases have been involved in the mitochon-
drial targeting of tRNA [5], binding ﬁbronectin [6], and are
employed as cell surface plasminogen receptors in many organ-isms [7,8]. Studies of enolase from Streptococcus pneumoniae
described an internal plasminogen binding motif (termed BS2)
‘‘FYDKERKVY’’ and its C-terminal lysines (termed BS1) [9] as fac-
tors in the enzyme’s ability to bind plasminogen. Subsequent work
described the impact this plasminogen afﬁnity had on the ﬁbrino-
lytic system [10], and suggested its dependence on lysine interac-
tions with plasminogen [11,12]. This internal plasminogen binding
motif is conserved in enolases of many other organisms [13–15],
including the enolase described here.
Enolases are structurally similar, typically consisting of a small
C-terminal domain attached to a relatively larger N-terminal barrel
domain, having three ﬂexible catalytic loops that are able to ‘‘open’’
and ‘‘close’’ the substrate binding site [16,17]. The third catalytic
loop is described in a previous crystallographic study of yeast eno-
lase as ‘‘hinged’’ given that it seems to move as a rigid body [18].
Curiously, this loop is also the location of the aforementioned puta-
tive plasminogen binding motif (BS2) in the crystal structures of
enolases from S. pneumoniae (PDB: 1W6T) and Streptococcus suis
(PDB: 4EWJ) [15,19]. Though the importance of the motif was dem-
onstrated in S. pneumoniae [9], the investigators of enolase from S.
suis did not verify its relevance [15].
A comparative study of enolases from a range of streptococcal
species found that the substitution of lysines within the BS2 motif
sometimes had no effect on, or even increased, the enzyme’s afﬁnity
for plasminogen [14]. Other studies of enolase from Streptococcus
pyogenes employed denaturation and biophysical methods to show
Table 1
Data collection and reﬁnement statistics.
Enolase from Lactobacillus gasseri (4MKS)
Wavelength (Å) 0.97856
Resolution range (Å) 54.45–2.079 (2.153–2.079)
Space group I 4
Unit cell parameters a = b = 145.24 Å, c = 99.86 Å, a = b = c = 90
Total reﬂections 443229 (35904)
Unique reﬂections 62303 (6163)
Multiplicity 7.1 (5.8)
Completeness (%) 100.00 (99.98)
Mean I/r(I) 12.50 (2.3)
Wilson B-factor 28.50
R-merge (%) 10.3 (73.3)
R-meas (%) 11.1 (80.5)
R-pim (%) 4.2 (33.1)
CC1/2 0.997 (0.729)
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towards plasminogen binding [20,21].
Several enolases have also been shown to bind ﬁbronectin
[6,22,23]. Through the use of the lysine analog e-amino-n-caproic
acid, competitive binding assays highlighted the importance of
lysine residues for the binding of ﬁbronectin and plasminogen by
one such enolase from S. suis [22]. Structurally, it would seem
much less is known about enolases’ interactions with ﬁbronectin.
Though in silico methods and homology models have been
effectively employed of late [13,24], it is hoped that structural
information will aid in the investigation of this moonlighting func-
tion and potential relevance of the catalytic loops’ conformation.
Here we report the ﬁrst enolase structure from a Lactobacillus.
The 2.08 Å resolution structure suggests that the surface exposed
and lysine rich third catalytic loop is highly ﬂexible.R-work 0.1891 (0.2401)
R-free 0.2338 (0.2884)
Number of atoms 6614
Macromolecules 6042
Ligands 3
Water 569
Protein residues 797
RMS(bonds) 0.003
RMS(angles) 0.76
Ramachandran favoured (%) 97
Ramachandran outliers (%) 0.26
Clashscore 2.43
Average B-factor 26.60
Macromolecules 25.90
Ligands 35.90
Solvent 33.90
Statistics for the highest-resolution shell are shown in parentheses.2. Materials and methods
2.1. Protein expression and puriﬁcation
The cloning, expression, puriﬁcation, and enzymatic activity
assays of L. gasseri enolase were performed as previously reported
[3,25]. Brieﬂy, a construct containing enolase with a non-cleavable
C-terminal His6-tag was expressed in Escherichia coli, and puriﬁed
employing nickel afﬁnity chromatography followed by anion
exchange chromatography. The protein was dialyzed into 15 mM
Tris pH 7.5, 200 mM NaCl at a concentration of 4 mg/ml for crystal-
lization trials.
2.2. Crystallization and data collection
Crystallization screens were conducted as described [25] at a
concentration of 2–4 mg/ml. Crystals found and sieved by the melt
test [26] were reproduced by hanging drop method with 3 ll of
protein solution mixed with an equal volume of reservoir solution
drawn from the 400 ll present in the well of a 24-well VDX crys-
tallization plate (Hampton Research) at 25 C.
While crystals formed when the enolase solution evaporated
against an empty reservoir, the optimal crystallization solution
was found to correspond to Crystal Screen II (Hampton Research)
solution 46 (20% PEG 550, 100 mM bicine pH 9.0, 100 mM sodium
chloride). The PEG 550 present in the solution acts as the
cryoprotectant.
Crystals were mounted on nylon loops (Hampton Research) and
ﬂash frozen by dipping into liquid nitrogen. Diffraction data were
collected at 100 K using a MarCCD detector at the 21-ID-G beam-
line of the Advanced Photon Source, Argonne National Laboratory,
Argonne, IL. Integration and scaling were done using iMOSFLM for
Windows [27].
2.3. Structure determination
The SWISS-MODEL server [28] was used to generate a search
model using the structure of enolase from S. pneumoniae, 1W6T
[19], as template. Molecular replacement was done employing Pha-
ser [29] and MR-Rosetta [30] in the PHENIX suite [31] followed by
auto-building with ARP/wARP [32] and PHENIX Autobuild [33],
which built 90% of themodel. Thereafter, iterations ofmanual build-
ing with Coot [34] and reﬁnement using PHENIX Reﬁne [35] pro-
duced the ﬁnal structure and validation statistics. The quality of
themodelwasassessedusingMolprobity [36], anddeposited includ-
ing structure factors in the Protein Data Bank with ascension code
4MKS. Data collection and reﬁnement statistics are presented in
Table 1. Figures were generated using Chimera [37], r.m.s.d calcula-
tions done using SuperPose [38], and the sequence alignments withthe ClustalW server [39,40] and JalView [41]. Assembly and surface
analysis was done with the PISA service at the European Bioinfor-
matics Institute [42], the COCOMAPS server [43], and PDBSum [44].
3. Results and discussion
3.1. Structure overview
The crystal structure of enolase from L. gasseri consists of an
asymmetric unit containing a homodimer, with each monomer
binding a single Mg2+ cofactor. The residues coordinating the
Mg2+ are shown in Fig. 1, and the structure reveals a distinctive
C-terminal barrel domain succeeding a smaller N-terminal domain,
representative of the overall similarity of this enolase to others. A
small gap in the second catalytic loop around residue His 155 could
not be modeled, and another gap exists between residues 212–214
in both chains. A major disordered region from residues 250–269
encompassing the entire third catalytic loop, as well as the four
terminal residues and His6-tag, could not be modeled.
Omit maps were used to verify that the Ramachandran plot out-
liers, the Arg 396 of each chain, are supported by the electron den-
sity. These arginines are found within the monomer interface,
forming hydrogen bonds with their complementary chains’ Ser
15. Earlier analysis [45] of enolase from Enterococcus hirae has sug-
gested these residues play a role in stabilizing the dimer and are
outside the expected Ramachandran regions on account of stresses.
A region of marginal density exists in the active site for each
monomer. Attempts to ﬁt ligands suggested that these could be
ethylene glycol, but were not sufﬁciently conclusive to warrant
modeling.
3.2. Assembly as octamer
Analysis of the structure estimated 15000 Å2 of solvent accessi-
ble surface area per monomer, with a 1530 Å2 monomer–monomer
Fig. 1. An Mg2+ and its conserved coordinating residues in the active site. The fully
resolved ﬁrst catalytic loop is highlighted yellow, visible in its closed conformation
for the ﬁrst time among known structures of enolases from Gram-positive
organisms.
Fig. 2a. (Left) The enolase structure colored by b-factor shows a gradient that is
more apparent when illustrated in its octameric assembly. The green dots
approximate the positions of the disordered third catalytic loop.
Fig. 2b. (Right) An overlay of the structures of enolases from L. gasseri (4MKS –
green), S. pneumoniae (1W6T – orange), and S. suis (4EWJ – blue). Notably, the ﬁrst
catalytic loop (marked L1, residues 36–44) is not visible in either 1W6T or 4EWJ
though resolved in 4MKS in the closed position, and the enolases from L. gasseri and
S. suis share disorder in the third catalytic loop (marked L3, residues 250–269),
though this is more pronounced in the case of the former. The dashed lines bridge
the gaps due to disorder.
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a tetramer of dimers much like the enolase structures derived from
S. pneumoniae (1W6T) and S. suis (4EWJ). This assembly has an
1190 Å2 dimer–dimer interface. Inspecting the residues that are
at least 70% buried (a symmetric set of 13 residues per monomer)
showed signiﬁcant conservation with the known octameric enolas-
es 1W6T and 4EWJ, suggesting the octamer is biologically signiﬁ-
cant and not an artifact from crystal packing.
Furthermore, while the data used for our ﬁnal structure comes
from crystals grown with optimized solutions, we also observed
this octamer in initial datasets from crystals grown by dehydrating
enolase in its Tris buffer beyond 4 mg/mL. Curiously, this octameric
assembly emphasizes the structure’s notable gradient of B-factors,
increasing from the center of the octamer towards its outer surface
as viewed from the 4-fold axis of symmetry. This is shown in
Fig. 2a, which also illustrates the protrusion of the second and third
enolase catalytic loops from the circumference of an assembled
octamer.
3.3. Catalytic loops and comparisons with plasminogen binding
enolases
Current literature describes ‘‘open’’ and ‘‘closed’’ forms of eno-
lase, referring to the conformational change of several loops from
an ‘‘open’’ position away from the catalytic site to a closer ‘‘closed’’
position as the active site binds substrate [16,17,46]. Comparison
with the known crystal structures of enolase from yeast in the
open (PDB: 1EBH) [46] and closed (PDB: 2ONE) [17] forms shows
that the ﬁrst catalytic loop in our structure, residues 36–44, is dis-
tinctly in the closed position (Fig. 1) in both monomers, with an
r.m.s.d of 0.91 Å between C-a positions with the corresponding
closed loop in 2ONE [17]. To the best of our knowledge, this is
the ﬁrst structure of an enolase from a Gram-positive organism
with the ﬁrst catalytic loop resolved in the closed position.
Recently, the structures of a streptococcal enolase and two
mutants were deposited to the PDB (PDB: 3ZLF, 3ZLG, 3ZLH). In
these structures, the ﬁrst catalytic loop was observed in the closed
conformation in the mutants, but not in the wild-type enzyme.
While several residues surrounding the catalytic His 155 are
unresolved due to disorder, it is still possible to discern that thesecond catalytic loop, residues 152–163, is in a semi-closed [17]
position. The gap of disordered residues 212–214 is in a loop adja-
cent to the second catalytic loop but away from the catalytic site,
and was noted to move in ‘‘a coordinated way’’ in structural studies
of an enolase from Trypanosoma brucei [47]. The third catalytic
loop, residues 250–269, is missing in its entirety due to disorder.
This was also noticed in structures derived from initial datasets
of crystals grown by dehydrating the enolase in Tris buffer [25].
An overlay of the structures of the enolases from L. gasseri, S.
pneumoniae, and S. suis is shown in Fig. 2b. While not as pro-
nounced, the streptococcal enolase structures show some disorder
of the third catalytic loop as well. Except for the positions of these
three catalytic loops, the enzymes are nearly identical in structure.
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A growing number of enolases have been shown to act as plas-
minogen receptors [48–53]. In the case of S. pneumoniae, interaction
between its enolase and plasminogen may facilitate adhesion to
epithelial and endothelial cells [11]. In the course of another inves-
tigation spanning a range of lactobacilli, it has been shown that L.
gasseri can interact with plasminogen by means of glycolytic
enzymes enolase and glyceraldehyde-3-phosphate dehydrogenase
[52]. Several enolases have also been shown to interact with ﬁbro-
nectin [6,22,23], and previous work has demonstrating soluble
ﬁbronectin’s ability to impede the inhibitory effect of L. gasseri’s
enolase on gonococcal adherence [3]. It would therefore be prudent
to consider plasminogen and ﬁbronectin as potential factors in
future investigations of this moonlighting inhibitory function.
However, demonstrating physiologically pertinent plasminogen
binding properties does not appear to be trivial. Very recent inves-
tigations of enolase from S. pyogenes observed that the conforma-
tion and surface association of the enzyme are critical factors in
its level of interaction with plasminogen [20,21]. Particularly of
interest is that experiments intended to replicate common binding
assay conditions did not observe interaction between S. pyogenes
enolase and dog plasminogen until the enolase had been exposed
to denaturing conditions strong enough to inﬂuence conformation
and catalytic activity [21].
The afﬁnity of plasminogen’s kringle domains for lysines is
thought to be a factor in binding interactions with enolase [12],
and at least in the case of an enolase from S. suis, the binding of
ﬁbronectin may have some dependence on lysines [22]. In the
octameric assembly of enolase from L. gasseri, only 3 of the 22
available lysine residues per monomer are buried within the inter-
faces, leaving 19 per monomer exposed on the surface. Sequence
alignments comparing putative plasminogen binding motifs of
enolases from S. pneumoniae, L. gasseri, and several other organ-
isms are shown in Fig. 3. Enolase from L. gasseri has conserved
the nine residue plasminogen binding motif ‘‘FYDKERKVY’’ from
S. pneumoniae fairly well, and contains three lysine residues. As
this motif is found on the third catalytic loop, it is exposed on
the circumference of the octamer (Fig. 2a).
The analysis of the 1W6T structure points out that the lysines of
the third catalytic loop’s plasminogen binding motif would be
exposed regardless of the loop’s open or closed conformation
[19]. Recent studies have had mixed results regarding the impor-
tance of the plasminogen binding motif or its lysines [14,15,21].
Particularly in light of the studies that demonstrated a relationship
between plasminogen afﬁnity and structural changes induced by
denaturation [21], we suspect that these varied results may be
due to the ﬂexibility and conformational variance of the third cat-
alytic loop, and the consequential changes in solvent accessibility
and structural factors yet to be determined.
Comparing our structure with 1W6T and 4EWJ, the absence of
substrate in the active site seems to have left the three catalytic
loops unrestrained from any conformational uniformity among
the three structures. The structures of enolases from S. pneumoniae
and S. suis have a mobile and disordered ﬁrst catalytic loop. As
there is no second Mg2+ to coordinate the Ser39 of this loop, thisFig. 3. Sequence alignment comparing putative plasminogen binding sites BS2
(motif FYDKERKVY of S. pneumoniae) and BS1 (C-terminal lysines) of enolases from
L. gasseri and several Gram-positive bacteria. The lysines are highlighted given their
suspected relevance to plasminogen binding.is to be expected [16]. In the presented structure however, this
loop closes the active site while the third catalytic loop is disor-
dered in its entirety. Mechanistic and modeling studies of enolases
theorize that the second catalytic loop may coordinate movement
of the ﬁrst and third loops [17,54].
Studies of enolase-mediated inhibition of gonococcal adherence
have shown that Fl + Pi completely abolishes the inhibition while
Ca2+ has no effect (Spurbeck and Arvidson, unpublished results).
Since Ca2+ blocks enolase activity by replacing the catalytic Mg2+
ions without occluding the substrate binding site[55], and Fl + Pi
complexes with the structural Mg2+ ions causing the active site to
take on a closed conformation[56], this suggests that the enolase
activity is not necessary, but an open substrate binding site is essen-
tial for the inhibition of gonococcal adherence to epithelial cells.
That this third catalytic loop shows relatively high ﬂexibility
and disorder while conserving the BS2 motif and exposing three
lysines may prove to be relevant and informative. Further studies
are necessary to determine the impact of L. gasseri enolase’s loop
conformations on gonococcal adherence, and to ascertain whether
interactions with plasminogen, ﬁbronectin, or others should be
considered a factor. If the positioning of the loops does have an
impact, then the third catalytic loop, the relevance of its lysines,
and the pertinence of the putative plasminogen binding motif
should receive more scrutiny, and direct future studies to fully cor-
relate structure and function of this enolase enzyme.
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